The distinction between bacterial and viral causes of infections of the respiratory tract is a major but important clinical challenge. We investigated the diagnostic performance of human neutrophil lipocalin (HNL) in respiratory tract infections compared to those of C-reactive protein (CRP) and procalcitonin (PCT). Patients were recruited from the emergency department and from a primary care unit (n ϭ 162). The clinical diagnosis with regard to bacterial or viral cause of infection was complemented with objective microbiological/serological testing. HNL was measured in whole blood after preactivation with the neutrophil activator formylmethionine-leucine-phenylalanine (fMLP) (B-HNL), and CRP and PCT were measured in plasma. Head-to-head comparisons of the three biomarkers showed that B-HNL was a superior diagnostic means to distinguish between causes of infections, with areas under the concentration-time curve (AUCs) of receiver operating characteristic (ROC) analysis for HNL of 0.91 (95% confidence interval [CI], 0.83 to 0.96) and 0.92 (95% CI, 0.82 to 0.97) for all respiratory infections and for upper respiratory infections, respectively, compared to 0.72 (95% CI, 0.63 to 0.80) and 0.68 (95% CI, 0.56 to 0.79) for CRP, respectively (P ϭ 0.001). In relation to major clinical symptoms of respiratory tract infections (cough, sore throat, stuffy nose, and signs of sinusitis), AUCs varied between 0.88 and 0.93 in those patients with likely etiology (i.e., etiology is likely determined) of infection, compared to 0.63 and 0.71 for CRP, respectively, and nonsignificant AUCs for PCT. The diagnostic performance of B-HNL is superior to that of plasma CRP (P-CRP) and plasma PCT (P-PCT) in respiratory tract infections, and the activity specifically reflects bacterial challenge in the body. The rapid and accurate analysis of HNL by point-of-care technologies should be a major advancement in the diagnosis and management of respiratory infections with respect to antibiotic treatment.
biomarkers and novel biomarkers, such as procalcitonin and CD64 expression in neutrophils (1) (2) (3) (4) . In the previous Bio-X study, the results of CRP were available in the clinical judgment of the patient, which means that the diagnostic performance of CRP might be positively biased. We therefore reexamined the performance of CRP and chose to illustrate this in the subcohort of patients with respiratory infections.
In the clinical study of Bio-X, we preincubated whole blood for 20 min before assaying the release of HNL (3) . A second objective of this report was to study the very early kinetics of fMLP release from neutrophils in whole blood and to examine the feasibility of producing an assay of HNL with a response time of a few minutes, therefore being suitable for rapid point-of-care application.
RESULTS
In Fig. 1 , the release of HNL after activation of whole blood with fMLP is shown. It is seen that HNL release is highly increased already at 1 min of incubation of fMLP in blood from patients with acute bacterial infections, in contrast to the findings in whole blood from healthy subjects and from patients infected by a virus. After 5 min of incubation, a slight increase was seen in the blood from healthy noninfected subjects and in those with viral infections, whereas the increase in the blood from those with bacterial infections was substantially higher. In the right panel of Fig. 1 , we show the release of HNL in the absence of activator. In one of the patients with an acute bacterial infection, some release occurred in whole blood without activator.
As indicated in Materials and Methods, the diagnosis of a group of our patients was judged to be have bacterial or viral cause, based on clinical findings. Table 1 shows the concentrations of plasma CRP (P-CRP), B-HNL, and plasma PCT (P-PCT) in patients with respiratory infections and in whom a clinical diagnosis as to bacterial or viral infection was judged from clinical findings; it also shows the results from those patients in whom the diagnosis was likely based on objective (i.e., microbiological) findings. The differ-
FIG 1
The kinetics of HNL release in whole blood after fMLP activation (left) and without activation (right). Blood samples from patients with bacterial or viral infections and healthy controls were investigated. ences between the two groups were highly significant for all comparisons (P Ͻ 0.001), except for the comparison of the PCT concentrations in bacterial and viral infections with a likely diagnosis based on objective findings. The diagnostic performances of CRP, HNL, and PCT were judged by receiver operating characteristic (ROC) curve analysis, and the results from CRP and HNL are shown in Table 2 . In the group in which diagnosis was based on clinical findings only, the areas under the concentration-time curve (AUCs) of CRP and HNL were similar, whereas in the group in which the diagnosis was based on clinical findings and further objective testing, the AUC of CRP dropped, whereas the AUC of HNL increased to 0.91 and was significantly different from the AUC of CRP (P ϭ 0.001). For HNL, the positive likelihood ratio (LRϩ) increased from 4.4 to 9.9, and the negative likelihood ratio (LRϪ) decreased from 0.29 to 0.19. For CRP, the LRϩ was almost unchanged, but the LRϪ increased from 0.42 to 0.54. For PCT, the ROC curve analysis showed an AUC of 0.67 (95% confidence interval [CI], 0.59 to 0.74), LRϩ of 3.9, and LRϪ of 0.73 in patients with a clinical diagnosis of their respiratory infections, whereas the AUC in patients with likely etiology was 0.57 (95% CI, 0.47 to 0.67), the LRϩ was 2.2, and the LRϪ was 0.76. In Fig. 2 , the comparisons among the three biomarkers are shown head to head. The findings were similar to the results given in Table 2 . Thus, in patients with likely etiology, the AUC of HNL separated clearly from the AUCs of CRP and PCT (P ϭ 0.0009 and Ͻ0.0001, respectively).
In Table 3 , we examined the results in patients with upper respiratory infections and found similar diagnostic performances of CRP, HNL, and PCT, as described above; i.e., with the inclusion of all patients with clinical diagnosis, the AUCs of CRP and HNL were similar but different from that of PCT (not shown). However, with the inclusion of the patients with likely etiology of their upper respiratory infection, only the diagnostic performance of HNL was superior, with an LRϩ of 9.6 and LRϪ of 0.18, compared to 4.1 and 0.62 for CRP, respectively. For PCT, the clinical performance in terms of AUC was nonsignificant. In Fig. 3 , we show the head-to-head comparison among the three biomarkers, with results similar to those shown in Table 3 , i.e., a highly significant difference in AUCs between HNL and CRP or PCT in patients with likely etiologies of their upper respiratory infections (P ϭ 0.006 and Ͻ0.0001, respectively).
In Table 4 , the diagnostic distinctions between bacterial and viral causes of the infections in relation to major clinical symptoms of cough, sore throat, stuffy nose, and signs of sinusitis are shown. CRP and HNL showed similar clinical performances when all patients were included (not shown), whereas PCT had lower AUCs with regard to all clinical symptoms than did CRP and B-HNL (P ϭ 0.06 to 0.01). Examining patients with a likely etiology for their symptoms showed that the clinical performance of B-HNL increased to AUCs of 0.88 to 0.93, in contrast to CRP and PCT (Table 4 ). The AUCs of PCT were nonsignificant in relation to all four clinical symptoms. The head-to-head comparisons of the three biomarkers in relation to major clinical symptoms of the upper respiratory tract are shown in Fig. 4 and show results similar to those given in Table 4 .
DISCUSSION
In our previous reports, we showed that HNL in serum (1, 4, 5) or as measured after activation of whole blood (2, 6) was superior to any other known biomarker, such as procalcitonin in plasma or CD64 expression in neutrophils, in the distinction between bacterial and viral causes of acute infections. Such data make HNL a very interesting candidate for the future management of acute infections in order to avoid the abuse of antibiotics (7, 8) . However, the most widely used biomarker in the management of acute infections is currently CRP, and CRP has indeed been a valuable tool in the management of patients with acute infections (9) . However, it is also well known that CRP will react to almost any process in the body that involves inflammation, which makes CRP quite unspecific. In our previous Bio-X study, CRP was known to the adjudicator and used to classify patients as having a bacterial or viral cause of infection. Thus, a bias toward CRP as a diagnostic principle was obvious. It is also seen in this report that the clinical performance of HNL seems no better than that of CRP in the diagnostic distinction between bacterial and viral infections. It was therefore of considerable interest that the diagnostic performance of HNL became superior to that of CRP when these biomarkers were evaluated in the cohort in which the likely cause of the infection was verified by objective microbiological testing. Thus, the diagnostic performance of CRP dropped, whereas the performance of HNL increased considerably, which is a strong support to the specificity of HNL as a reflection of bacterial infections. The diagnostic patterns between CRP and HNL were essentially identical whether all patients with respiratory infections were included or only patients with upper respiratory infections were examined. We also confirmed that PCT did not add much to the diagnostic distinction between bacterial and viral causes of acute respiratory infections (10-12), although numerous publications have advocated PCT as a tool to manage the antibiotic treatment of such patients (13) (14) (15) . It is possible that the severity of our patients' infections is less than in many of those studies, although our previous results on sepsis also showed the diagnostic superiority of HNL over PCT (16) . The potential clinical usefulness of HNL in the diagnosis and management of acute infections was also exemplified in this study by relating the concentrations to the major clinical symptoms of the patients. For example, in patients with a sore throat, the likelihood of a viral cause of disease was very low if HNL concentrations were increased. This was in spite of the fact that patients with streptococcal tonsillitis were excluded from this group. Similar results were seen with the other major symptoms, such as cough, stuffy nose, and signs of sinusitis. The superior diagnostic performance of B-HNL in upper respiratory infections is of considerable interest, since these are the most common symptoms and complaints of patients seeking medical care, at least in the primary care setting (17) . In our previous study from China, we saw a similar pattern, with HNL in serum being superior to CRP (1) . In that study, CRP was not biased but was analyzed retrospectively. However, even if the clinical performance of HNL based on serum is very powerful, the drawback of serum measurements is obvious, since it takes several hours for the preanalytical step to prepare serum and additional time to measure HNL. Thus, for an emergency situation, a rapid point-of-care application is most attractive. Therefore, we extended previous experiments (6) on the kinetics of the release of HNL from blood neutrophils to very short incubations with the neutrophil activator fMLP. These experiments clearly support the potential to construct point-of-care assays with very short response times, i.e., in the range of 5 to 10 min, which should be the goal to satisfy the clinical requirement of fast and accurate decisions as to whether to treat infected patients with antibiotics or not.
HNL is a fairly complicated molecule, with several origins and several names, i.e., neutrophil gelatinase-associated lipocalin (NGAL) and lipocalin 2 (18) . In blood, the major origin of HNL is blood neutrophils, in which HNL exists in a preformed state (19, 20) . The production of HNL may, however, be induced in epithelial cells, such as in the kidney tubular cells in patients with acute kidney injury (AKI) (21, 22) . If measured in serum or plasma, such production of HNL could potentially affect the diagnostic performance of HNL. HNL originating from neutrophils is, to a large extent, released in the dimeric form, whereas HNL released from epithelial cells is in the monomeric form. This means that assays should be able to distinguish these forms for optimal diagnostic performance. As shown recently, configuration of the assay by certain antibody pairs enables such distinction when measured in serum or plasma (1) . In the present report, we have circumvented these potential confounders by measuring directly what is released from the circulating neutrophils.
One limitation of our study is the accuracy of the diagnosis, i.e., in the distinction between bacterial and viral causes of respiratory infections. Such a distinction is notoriously difficult (9) but very important if one wishes to investigate any biomarker for these purposes. In this report, we made an effort to make an accurate diagnosis by microbiologic and serologic testing of various body fluids, but with even more extensive testing, we might have reached higher diagnostic accuracies of HNL of Ͼ Ͼ0.9. However, what seems very important in our study is that the diagnostic performance of HNL in the head-to-head comparison with CRP and PCT showed such a dramatic improvement when objective testing was included in the determination of diagnosis. As mentioned above, we take this as a very strong support to our notion that the measurement of HNL by specific assay formats is a reflection of the bacterial challenge of the body. Another limitation of this study is the diagnosis of the lower respiratory tract infections. Thus, we cannot exclude that some of the patients in whom X-ray examinations of the lungs were not indicated for clinical reasons, and therefore were not performed, actually had infections of the lower respiratory tract. This limitation, however, did not affect the overall conclusion of HNL being a superior diagnostic biomarker in respiratory infections.
We conclude that the head-to-head comparison among B-HNL, CRP, and PCT in the distinction between bacterial or viral cause of acute respiratory infections has demonstrated the superiority of B-HNL in this respect. Thus, the strength of our study is the fact that the biomarkers were judged against each other and that the diagnostic limitations affected the biomarkers equally.
MATERIALS AND METHODS
In total, 581 patients with signs and symptoms of acute infections were recruited, as described previously (2, 6) . One hundred sixty-two patients presented with symptoms of a respiratory tract infection were judged on clinical grounds to have either a bacterial (n ϭ 98) or viral (n ϭ 64) cause of their infection, and they were given a clinical diagnosis. The 98 patients with clinical diagnosis of bacterial infection comprised 55 women (median age, 37 years; range, 18 to 84 years) and 43 men (median age, 48 years; range, 20 to 90 years). The 64 patients with clinical diagnosis of viral infections comprised 36 women (median age, 40 years; range, 19 to 79 years) and 28 men (median age, 49 years; range, 30 to 92 years), with a significant difference in age (P ϭ 0.03).
The inclusion criteria were fever of Ͼ38°C and signs and symptoms of acute respiratory infection. Known to the adjudicator were, in addition to clinical findings, CRP, white blood cell counts, X-ray findings, and in some cases, microbiological test results. Based on this information, patients were judged to have either a bacterium or virus as their infectious agent, i.e., they were given a clinical diagnosis of infection. Lower respiratory tract infection was verified by X-ray examination of the lungs. Upper respiratory tract infections were patients with typical symptoms and a negative X ray. Also, patients with typical symptoms of upper respiratory infection, but in whom X-ray examinations of the lungs were not judged to be clinically indicated, were classified as having upper respiratory infections. Exclusion criteria were mycoplasma pneumonia and known chronic viral infection, such as human immunodeficiency virus infection. In addition, children under the age of 18 years and patients who could not give informed consent were excluded from this study. The patients were admitted to the infectious disease department at the University Hospital in Uppsala, Sweden, or to a primary care unit in Uppsala. Blood was drawn before the start of antibiotic treatment. The study was approved by the ethics committee of Uppsala.
In 98 of 168 patients, the cause of infectious agent was verified by objective testing, including positive culture or PCR testing of samples from the respiratory tract and IgG/IgM serology.
Assay of HNL. HNL was measured after preactivation for 1 to 5 min of heparinized blood with 5 ϫ 10 Ϫ8 mol/liter tripeptide formyl-methionine-leucine-phenylalanine (fMLP) (BioXtra; Sigma-Aldrich, St. Louis, MO, USA). Ice-cold EDTA was added to stop the release, after which plasma was obtained by centrifugation of the blood. Measurements in plasma were performed by means of a double monoclonal enzyme-linked immunosorbent assay (ELISA) kit provided by Diagnostics Development (Uppsala, Sweden) and run according to the instructions of the provider. The imprecision of the ELISA was Ͻ6% coefficient of variation (CV). HNL in whole blood was assayed as described previously (2, 6) . Briefly, preactivation of whole blood was performed by incubation of whole blood with 10 Ϫ7 mol/liter fMLP for 20 min at 37°C, after which the blood was applied to the cartridge of a prototype point-of-care (POC) assay on the Meritas platform (Trinity Diagnostics, Uppsala, Sweden).
Statistics. Data are expressed as medians and interquartile ranges. Comparisons of groups were performed by the nonparametric Mann-Whitney test for independent groups. In order to estimate the clinical performances of the biomarker assays, receiver operating characteristic (ROC) analyses were performed, and comparisons of the areas under the curve were analyzed by c-statistics. The Youden index (J) was calculated by the formula J ϭ maximum (sensitivity ϩ specificity Ϫ 1) and used to estimate the optimal discriminatory concentration of the biomarker. Based on this index, both the positive likelihood ratio (LRϩ) and negative likelihood ratio (LRϪ) were calculated. 
